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Mechanismen hochfrequenter synaptischer Übertragung an einer zentralen 
Synapse  
 
Universität Leipzig, Dissertation 
63 S.1, 562 / 80 Lit.3, 5 Abb., 0 Tab., 6 Anlagen  
 
Referat: 
Die vorliegende Dissertation verfolgt das Ziel, die von Nervenzellen maximal 
erreichte Signalrate zu bestimmen. Außerdem werden die bislang weitgehend 
unbekannten Anpassungen einer Synapse an die Anforderungen hochfrequenter 
Signalübertragung untersucht. Die maximale Übertragungsrate spielt im 
zentralen Nervensystem eine wichtige Rolle für die Codierung und Verarbeitung 
von Informationen. Neben den Grundlagen der synaptischen Übertragung und 
der neuronalen Informationscodierung werden in der Einleitung die anatomischen 
Gegebenheiten der Kleinhirnrinde und der Moosfaser-Körnerzell-Synapse 
vorgestellt. Präsynaptische patch-clamp-Messungen von Moosfaserboutons und 
die erstmals durchgeführten Messungen von präsynaptischen Boutons und 
postsynaptischen Körnerzellen („Paarableitungen“) werden erläutert. Mit Hilfe 
dieser Methoden wird gezeigt, dass die Kommunikation zwischen Nervenzellen 
mit Raten von bis zu einem Kilohertz stattfinden kann. Hierbei ist die 
präsynaptische Freisetzung von Botenstoffen schneller und effizienter als bisher 
bekannt. Ein einzigartiges Repertoire präsynaptischer Mechanismen wird 
charakterisiert und bildet die Grundlage der nachgewiesenen, hochfrequenten 
Informationsübertragung.  
  
                                                
1 Seitenzahl insgesamt  
2 Zahl der im Literaturverzeichnis der Einführung ausgewiesenen Literaturangaben 








2.1 Der cerebelläre Cortex und die Moosfaser-Körnerzell-Synapse 
 
Das Kleinhirn (lat. Cerebellum) ist beteiligt an einer Vielzahl motorischer 
Funktionen, es scheint aber auch bei höheren kognitiven Funktionen eine Rolle 
zu spielen (Sacchetti et al., 2004; Schmahmann und Caplan, 2006). Die Rinde 
(lat. Cortex) des Kleinhirns erhält über Moosfasern den Hauptteil der afferenten 
Signale aus dem zentralen Nervensystem (Abb. 1A). Moosfasern sind Axone von 
peripheren, sensorischen Neuronen, von Neuronen des Rückenmarks, des 
Hirnstamms und von intracerebellären Nervenzellen (Ito, 2012). Einzelne 
Moosfasern verlaufen mehrere Millimeter im cerebellären Cortex (Krieger et al., 
1985) und formen über Auftreibungen, den sogenannten cerebellären 
Moosfaserboutons (cMFB), exzitatorische Synapsen vor allem mit Körnerzellen.  
Körnerzellen wiederum sind die häufigsten und kleinsten Neuronen des 
Säugetier-ZNS (Braitenberg und Atwood, 1958; Zagon et al., 1977). Ihre Axone 
steigen als Parallelfasern in die Molekularschicht des Cortex auf und formen 
Synapsen unter anderem mit Purkinje-Zellen (Eccles et al., 1967). Die Axone der 
Purkinje-Zellen verlassen schließlich die Kleinhirnrinde (Abb. 1A) und hemmen 
Neurone der Kleinhirnkerne. 
 
Die cerebelläre Moosfaser-Körnerzell-Synapse ist die erste und schnellste 
Station der synaptischen Übertragung auf dem Weg von den Moosfasern über 
die Körnerzellen zu den Purkinje-Zellen. Auf diesem Weg scheint sich die 
maximale Frequenz der Übertragung zu verringern (Jörntell und Ekerot, 2006; 
Rancz et al., 2007; Blot und Barbour, 2014). Moosfasern erreichen verschiedene 
Kleinhirnwindungen und formen in ihrem Verlauf im Abstand von 20-80 µm 
Auftreibungen (Palay und Chan-Palay, 1974). Diese sind verglichen mit anderen 
Präsynapsen außerordentlich groß und komplex geformt (Abb. 1B; Jakab und 
Hamori, 1988, aber siehe auch Delvendahl et al., 2013) und erregen 20 bis 100 
Körnerzellen (Abb. 1C). Körnerzellen als postsynaptische Neurone sind kompakt 
und haben 3-5 kurze Dendriten (Eccles et al., 1967), die jeweils mit 






Bei der Übertragung zwischen Moosfasern und Körnerzellen bindet der 
Neurotransmitter Glutamat vorwiegend an α-Amino-3-Hydroxy-5-Methyl-4-
Isoxazolpropionat- (AMPA), aber auch an N-Methyl-D-Aspartat- (NMDA) 
Rezeptoren (Traynelis et al., 1993). Die Neurotransmission erfolgt dabei sowohl 
direkt, das heißt unmittelbar zwischen der präsynaptischen Freisetzungsstelle 
von Neurotransmitter und den gegenüberliegenden postsynaptischen 
Rezeptoren, als auch indirekt. Die indirekte Übertragung ist langsamer und 
entsteht durch Diffusion von an benachbarten Freisetzungsstellen 
freigewordenem Neurotransmitter. Sie kann bis zu 50% der übertragenen 
















Abb. 1: Vereinfachte schematische Darstellung des cerebellären Cortex und der 
Moosfaser-Körnerzell-Synapse 
A Moosfasern (MF, blau) projezieren über ihre präsynaptischen Auftreibungen 
(cerebelläre Moosfaserboutons, cMFB) auf eine Vielzahl von Körnerzellen (GC; braun). 
Das Körnerzell-Axon formt Parallelfasern (PF), die Exzitation an Purkinje-Zellen (PC; 
weiß) vermitteln. Purkinjezell-Axone projizieren schließlich inhibitorisch auf die tiefen 
cerebellären Kerngebiete außerhalb des Cortex .  
B Darstellung eines en passent-Moosfaserboutons (blau), umgeben von dendritischen 
Fortsätzen postsynaptischer Körnerzellen (braun; vgl. rot unterlegter Bereich in A für die 
Lokalisation im cerebellären Cortex). Ebenso dargestellt sind die Auftreibungen eines 
inhibitorischen Golgizell-Axons zwischen den Körnerzelldendriten (rot). Der Anschnitt 
(obere Bildhälfte) zeigt synaptische Kontakte, sowie die Binnenstruktur des Boutons. 
Umgebende Gliazell-Fortsätze sind hellgrün dargestellt (Abb. A & B mod. nach Ito, 1984).  
C Elektronenmikroskopischer Querschnitt eines cMFB und der umgebenden 
Körnerzelldendriten (Schnittebene und Farbcode siehe B). Angeschnittene Synapsen 








Körnerzellen sind tonisch durch γ-Aminobuttersäure (GABA) gehemmt (Brickley 
et al., 1996; Chadderton et al., 2004). Damit wird die Leitung von zufällig im 
neuronalen Netzwerk entstehenden Aktionspotenzialen (APs) verhindert und so 
postsynaptisches Rauschen verringert (Chadderton et al., 2004; Philipona und 
Coenen, 2004). Hochfrequente AP-Wiederholungen einzelner (Maus; Rancz et 
al., 2007) oder mehrerer Moosfasern (Katze; Jörntell und Ekerot, 2006) 
überwinden in vivo hingegen die tonische Inhibition und rufen postsynaptisch 
Ströme hervor.  
 
Die meisten Synapsen übertragen lediglich Frequenzen unter fünfzig APs pro 
Sekunde (< 50 Hz) zuverlässig (Kandel et al., 2012). In in vivo-Experimenten an 
Katzen zeigen Moosfasern hingegen APs mit außerordentlich hohen Frequenzen 
bis in den Kilohertz-Bereich (Cooke et al., 1971; Clendenin et al., 1974; Jörntell 
und Ekerot, 2006). Auch die Stimulation an Tasthaaren der Maus ruft AP-bursts 
(aus wenigen APs bestehende, hochfrequente Repetitionen) in Moosfasern mit 
bis zu 700 Hz hervor (Abb. 2A; Rancz et al., 2007). Präsynaptische Signale 
können ohne Informationsverlust mit bis zu 300 Hz auf Körnerzellen übertragen 
werden (Abb. 2B, C). Ein großer Vorrat von synaptischen Vesikeln und eine 
beschleunigte Transmitter-Nachladung scheinen dabei eine Rolle zu spielen 
(Saviane und Silver, 2006). Diese hohen Frequenzen sind erstaunlich vor dem 
Hintergrund, dass die komplexe synaptische Übertragung dafür hundertfach in 
Sekundenbruchteilen stattfinden muss. Welche Mechanismen diese 
hochfrequenten Prozesse auf molekularer Ebene ermöglichen, ist trotz intensiver 








2.2 Grundlagen der synaptischen Übertragung 
 
Prä- und Postsynapse trennt ein synaptischer Spalt, der zur Signalübertragung 
zwischen zwei Neuronen überwunden werden muss. Präsynapsen empfangen 
APs, die über die Öffnung spannungsabhängiger Calciumkanäle einen Einstrom 
von Calcium-Ionen in das präsynaptische Zellinnere auslösen. Dort bindet 
Calcium an spezialisierte Proteine, die das Verschmelzen von im Zellinneren 
vorliegenden Vesikeln mit der Zellmembran bewirken (Chapman, 2008; Südhof, 














Abb. 2:    Hochfrequente Signalübertragung an der Moosfaser-Körnerzell-Synapse 
A  In vivo whole-cell Ableitung von Moosfaserboutons. Durch Tasthaar-Stimulation 
(siehe schematische Darstellung links) werden AP-bursts mit bis zu 700 Hz 
hervorgerufen (blau hervorgehobener Bereich). Die initialen Aktionspotenziale sind rechts 
vergrößert dargestellt (Abb. A mod. nach Rancz et al., 2007).  
B Durch in vitro-Stimulation von Moosfasern hervorgerufene postsynaptische Ströme 
in Körnerzellen. Jeder der 20 Stimuli wird dabei stabil auf die postsynaptische Zelle 
übertragen. Der Anteil des phasischen Stroms am Gesamtstrom sinkt im Verlauf der 
Stimulation, die tonische Komponente nimmt zu. Nach wenigen Stimuli stellt sich ein 
Gleichgewicht von phasischem und tonischem Strom ein. 
C Oben: Anteil der phasischen Stromkomponente aus B am Gesamtstrom bei 
verschiedenen Frequenzen. Im Gleichgewicht sinkt die phasische Komponente 
verglichen mit dem absoluten postsynaptischen Strom bei höheren Frequenzen. Die auf 
die postsynaptische Zelle übertragene, absolute Ladung pro Sekunde (als Korrelat der 
übertragenen Information pro Zeiteinheit) steigt bei Stimulation von 20 bis 300 Hz (Abb. B 







synaptischen Spalt freigesetzt und diffundiert zur Postsynapse. Dort ruft er über 
Bindung an spezifische Rezeptormoleküle ein elektrochemisches Signal hervor 
(Katz, 1969), das durch Abbau, durch Diffusion aus dem synaptischen Spalt oder 
durch Wiederaufnahme des Botenstoffs in die Präsynapse endet (Watkins und 
Evans, 1981). Die mit der Membran der Präsynapse verschmolzenen Vesikel 
werden ins Zytosol der Präsynapse retrahiert und erneut mit Neurotransmittern 
befüllt. Dieser als Endozytose bezeichnete Prozess wirkt einer Vergrößerung der 
Präsynapse durch stete Vesikelfusion entgegen und erhält, zusammen mit der 
Rekrutierung von Vesikeln aus Reservepools, den präsynaptischen 
Vesikelbestand (Royle, 2003). Die gesamte synaptische Übertragung kann 
innerhalb einer Millisekunde (Wojcik und Brose, 2007) ablaufen und erlaubt 
verschiedene Mechanismen der Informationscodierung. 
 
2.3 Informationscodierung im Nervensystem  
 
Die Frequenz von APs und deren zeitlicher Bezug codieren die zu 
verarbeitenden Informationen (Raten- oder Frequenzcodierung versus 
Zeitcodierung; Rieke et al., 1999; Prescott und Sejnowski, 2008). Während für 
die Ratencodierung mindestens zwei - in der Regel jedoch weit mehr - APs 
erforderlich sind, um die Information einer Signalrate (oder Frequenz) zu 
transportieren, kann bei der Zeitcodierung bereits ein einzelnes AP Träger dieser 
Information sein. Ratencodierung kann in kurzen Phasen hochfrequenter 
Repetition (bursts, Abb. 2A) mit variablem zeitlichen Bezug zum Stimulus 
stattfinden. Eine zeitlich präzise Leitung und Verarbeitung der APs ist hingegen 
Voraussetzung für die zeitliche Codierung. Für beide Mechanismen gibt es 
zahlreiche experimentelle Nachweise: Codierung durch Signalraten spielt im 
Cerebellum von Affen bei der Vermittlung von Bewegungsrichtungen von 
Gliedmaßen eine Rolle (Abbildung 3A, B; van Kan et al., 1993). Einer anderen 
Studie zufolge (London et al., 2010) garantiert Ratencodierung in der 
Großhirnrinde der Maus die Robustheit neuronaler Signale gegenüber 
stochastischem Rauschen, das zeitlich präzise synaptische Ereignisse in 
komplexeren Netzwerken unwahrscheinlich macht. Die Autoren führen jedoch 






und Reizleitung aus der Peripherie ins ZNS von Bedeutung sein kann. Es ist 
nachgewiesen, dass diese Zeitcodierung bei der Stimulation von Tasthaaren der 
Maus (Jones et al., 2004) und bei der taktilen Wahrnehmung an der 
menschlichen Hand (Johansson und Birznieks, 2004) eine Rolle spielt. Auch eine 
Studie an der cerebellären Moosfaser-Körnerzell-Synapse (D'Angelo und De 
Zeeuw, 2009) betont die Rolle der Codierung über die Zeit, da wegen einer 
synchron zur Erregung auftretenden Körnerzell-Hemmung nur kurze Zeitfenster 
von ca. 5 ms zur Informationsübertragung zur Verfügung stehen. Bei einer 
angenommenen AP-Frequenz von 100 bis 200 Hz würden dabei zu wenige APs 
übertragen werden, um zuverlässig eine Signalrate zu codieren.  
 
Eine andere in vivo Studie an Mäusen zeigt hingegen, dass Ratencodierung an 
dieser Synapse von Bedeutung ist (Arenz et al., 2008). In dieser Studie wurden 
Mäuse horizontal drehbar fixiert (Abb. 3C) und Signale einzelner Körnerzellen 
abgeleitet (Abb. 3D). Die Frequenz der gemessenen Signale veränderte sich 
abhängig von der Bewegungsrichtung und deren Geschwindigkeit (Abb. 3D), 
während sie von der Position und der Beschleunigung der Maus unabhängig war. 
Die Tatsache, dass Informationen bei hohen Signalraten zuverlässig übertragen 
werden, spricht für eine große Bandbreite an Frequenzen, die an dieser Synapse 
zum Codieren von Informationen zur Verfügung stehen. Unklar bleibt, wie schnell 
synaptische Übertragung maximal und ohne Informationsverlust stattfinden kann. 
Diese maximale Rate ist kritisch von mehreren Parametern abhängig, 
beispielsweise der Dauer der einzelnen Aktionspotenziale, aus denen sich die 
repetitiven Signale zusammensetzen und zwischen denen die Membran ihr 
Ruhepotenzial erreicht (Bean, 2007; Carter und Bean, 2009; Gittis et al., 2010). 
Welche Ionenkanal-Subtypen an dieser Synapse rapide AP-Transmission 
ermöglichen, ist ebenso unbekannt. Auch strukturelle Fragen, beispielsweise 
nach dem Abstand zwischen präsynaptischen Calciumkanälen und dem 
Calciumsensor der Vesikel – einem Parameter, der Geschwindigkeit und 
Effizienz von Synapsen maßgeblich beeinflusst (Bucurenciu et al., 2010; 
Eggermann et al., 2012; Schmidt et al., 2012; Vyleta und Jonas, 2014) – bleiben 





















    
 
 
Abb. 3:    Frequenzcodierung zwischen Moosfasern und Körnerzellen 
A Bewegungsprotokoll eines Affen als gegenläufige Bewegung des fixierten 
Schultergelenks (oben und unten) zwischen zwei Ruhepositionen.  
B Die zeitgleich zu den Bewegungsprotokollen aus A in vivo abgeleitete Aktivität einer 
cerebellären Moosfaser. Der Bewegungsbeginn zwischen beiden Ruhepositionen ist mit 
einem Pfeil gekennzeichnet. Die Gesamtdauer der Aufzeichnung  entspricht ~13 
Sekunden. Die Rate der Aktivität verändert sich in Abhängigkeit von der 
Bewegungsrichtung (Bewegung nach oben erhöht die Frequenz, Bewegung nach unten 
verringert die Frequenz, Abb. A & B mod. nach van Kan et al., 1993).  
C In vivo-Messung von Körnerzellaktivität an horizontal drehbar gelagerten Mäusen. 
Das Bewegungsprotokoll ist als Pfeil dargestellt. 
D Oben: Position (grün), Bewegungsgeschwindigkeit (schwarz) und Beschleunigung 
(orange) der Maus während des Protokolls (C). Skalierung von oben nach unten für 
Position, Geschwindigkeit und Beschleunigung. Mitte: Die Rate der postsynaptischen 
Ströme einer Körnerzelle verändert sich abhängig von Bewegungsgeschwindigkeit und -
richtung und ist unabhängig von Position und Beschleunigung. Unten: Die Aufzeichnung 
der Körnerzellaktivität in 28 konsekutiven Messungen zeigt die Stabilität der 







2.4 Etablierung von Ableitungen an der Moosfaser-Körnerzell-
Synapse 
 
Um Fragen nach der maximalen Signalfrequenz und den dafür verantwortlichen 
Mechanismen nachzugehen, wurden Messungen an cerebellären 
Moosfaserboutons in akuten, 300 µm dicken Kleinhirnschnitten von Mäusen 
durchgeführt. Mit Hilfe der Infrarot-Differenz-Interferenz-Kontrast-Mikroskopie 
(IR-DIC-Mikroskopie) wurden Boutons in der Körnerzellschicht des cerebellären 
Cortex identifiziert. In einigen Experimenten wurden Mäuse genutzt, die 
fluoreszierende Proteine in einigen ihrer Moosfasern exprimierten.  
 
Für die Messung der präsynaptischen Ströme wurden Elektroden verwendet, die 
in Glaspipetten installiert wurden. Die Glaspipetten wurden unter Hitze entlang 
ihrer Längsachse gedehnt, so dass an ihren Spitzen eine Öffnung von ca. 1 µm 
Durchmesser und einem elektrischen Widerstand von 3 – 10 MΩ entstand. Mit 
diesen Pipetten wurden dann unter Verwendung der patch-clamp-Technik 
präsynaptische Signale gemessen. Dabei wurde eine Pipette mit Hilfe einer 
Steuerungseinheit (einem sogenannten Mikromanipulator) in einer Badkammer 
bewegt (Abbildung 4A), während ein angelegter Überdruck an der Pipette dazu 
führte, dass ständig Flüssigkeit aus dem Pipetteninneren über die Spitze nach 
außen trat und die Spitze damit frei von Verunreinigungen hielt (Abbildung 4B). 
Die Pipette wurde zur Zielzelle bewegt, bis durch den Flüssigkeitsstrom an ihrer 
Spitze eine Verformung an der Zelloberfläche auftrat (schattiert in Abbildung 4C). 
Unter Reduzierung des Überdrucks wurde die Pipette an die Zielzelle 
herangeführt und in unmittelbarer Nähe ein leichter Unterdruck angelegt, um die 
Zellmembran an die Öffnung der Pipettenspitze zu saugen. Zwischen Pipette und 
der Zellmembran formte sich dabei eine elektrische Abdichtung mit einem 
Widerstand im Gigaohm-Bereich (sogenannter gigaseal, orange in Abbildung 
4D). Zuletzt wurde die Membran an der Pipettenspitze durch kurze 
Unterdruckpulse perforiert, so dass eine elektrische Verbindung von Zell- und 
Pipetteninnerem entstand (Abbildung 4E). Über die Elektrode der Pipette konnte 
dann die Spannung der Zellmembran des Boutons (Um) gemessen und auf eine 








Dazu wurde ein Strom (IΔ) proportional zum Spannungsunterschied ΔU = Um - Uc 
in den Bouton geleitet, bis Um  den Wert der Kommandospannung Uc erreichte 
und damit ΔU = 0 galt. Außerdem konnten Kommandoströme (Ic) in den Bouton 
geleitet und die daraufhin erzeugte Veränderung des Membranpotenzials 
gemessen werden. Schließlich ließen sich weitere Parameter, beispielsweise die 
elektrische Kapazität der Zellmembran, mit hoher zeitlicher Auflösung messen 
(Lindau und Neher, 1988).  
 
Nach der Etablierung präsynaptischer Messungen an Moosfaserboutons wurde 


















Abb. 4:    Patch-clamp-Ableitungen von cerebellären Moosfaserboutons 
A  Ein leichter Überdruck und eine Testspannung (Testpuls, -10 mV für 5 ms) wird vor 
Eintauchen in die Badkammer angelegt. 
B Die Pipette wird bei leichtem Überdruck in die Extrazellularlösung getaucht, so dass 
stetig Flüssigkeit über die Pipettenspitze in die Badperfusion austritt. Gleichzeitig wird die 
Pipette dem Hirnschnitt angenähert.  
C  Die Pipettenspitze wird zur Oberfläche eines identifizierten Boutons bewegt, bis 
diese sich durch den Flüssigkeitsstrom aus der Pipettenspitze verformt.  
D Ein leichter Unterdruck wird angelegt, um die Membran des Boutons zur 
Pipettenspitze zu saugen. Hierbei verringert sich der Strom des Testpulses zunehmend, 
bis sich eine feste Verbindung der Pipetten- und Boutonoberfläche formt (sogenannter 
Gigaseal aufgrund des entstehenden Abdichtungswiderstandes im GΩ-Bereich) und kein 
Strom mehr zwischen Pipette und Badkammer fließt (siehe Testpuls).  
E Durch kurze Unterdruckpulse wird der Membranfleck oder patch unter der 
Pipettenspitze zerstört. Hierdurch entsteht eine Verbindung zwischen Zellinnerem und 
dem Inneren der Pipette, über welche die Membranspannung des Boutons geklemmt und 
eingehende Signale am Bouton abgeleitet werden können (Abb. A – E mod. nach Davie 








untersucht. Der Begriff „Paarableitung“ bezieht sich hierbei auf das gleichzeitige 
Messen prä- und postsynaptischer Ströme einer Synapse mit Hilfe der Patch-
clamp-Technik. Gepaarte Messungen waren zuvor an Modellsynapsen wie der 
Riesensynapse des Tintenfisches, der Held’schen Calyx im auditorischen 
Hirnstamm und der Synapse zwischen hippocampalem Moosfaserbouton und 
der CA3-Pyramidenzelle etabliert worden (Abb. 5; Bullock und Hagiwara, 1957; 
Borst et al., 1995; Geiger und Jonas, 2000). Dort hatten Paarableitungen zum 
besseren Verständnis der präsynaptischen Mechanismen beigetragen (Neher 
und Sakaba, 2001; Sakaba und Neher, 2001b; Lee et al., 2012). 
 
Bei Paarableitungen besteht die Möglichkeit, die Auswirkung präsynaptischer 
Stimulation direkt am postsynaptischen Neuron zu messen. Das intrazelluläre 
Milieu der Präsynapse kann dabei durch Hinzufügen verschiedener Substanzen, 
beispielsweise von Calciumpuffern zur Studie der Calciumkinetik oder 
spezifischen Proteininhibitoren, verändert und die Auswirkung auf die 
synaptische Übertragung direkt postsynaptisch registriert werden (Sakaba und 
Neher, 2001a). Für Experimente mit Paarableitungen wurde zunächst die 
Ableitung der postsynaptischen Körnerzelle hergestellt. Die für diese Zelle 
verwendete Intrazellularlösung enthielt einen Fluoreszenzfarbstoff, durch den 
sich das Körnerzellsoma und dessen Dendriten im Fluoreszenzbild darstellen 
ließen. Anschließend wurde in der Umgebung der fluoreszierenden Dendriten 
nach mutmaßlichen Moosfaserboutons gesucht. Diese wurden anhand ihrer 
charakteristischen elektrophysiologischen Merkmale identifiziert (siehe 6.1. 
Supplemental Material). Ließ sich durch Stimulation der Präsynapse ein stabiler, 































Abb. 5:    Patch-clamp-Paarableitungen an verschiedenen Präparationen 
A  Schematische Darstellung der Paarableitung an der Moosfaser-Körnerzell-Synapse 
im Cerebellum. Die Moosfaser und der präsynaptische cMFB sind in magenta, die 
Postsynapse (Körnerzelle, GC) in grün dargestellt. Pfeile verdeutlichen den 
Informationsfluss von Moosfaser über Körnerzelle zur Purkinje-Zelle (PC). 
B Fluoreszenzmikroskopische Aufnahme einer Moosfaser-Körnerzell-Synapse 
während einer Paarableitung (Farbcode wie in A, die beiden mit Fluoreszenzfarbstoff 
gefüllten Pipetten sind deutlich zu erkennen). Weitere Boutons der selben Moosfaser sind 
mit Sternen gekennzeichnet. Messbalken 10 µm (Abb. A & B mod. nach Ritzau-Jost et 
al., 2014).  
C  Paarableitung an der Riesensynapse des Tintenfisches zwischen Riesenfaser 2A 
(RF2A, Präsynapse, magenta) und Riesenfaser 3 (RF 3, Postsynapse, grün; Abb. C mod. 
nach Bullock und Hagiwara, 1957). 
D Schematischer Aufbau der Held’schen Calyx. Eine individuelle Präsynapse (Calyx, 
magenta) bildet die Hauptquelle der Signale des postsynaptischen Neurons im medialen 
Kern des Corpus trapezoideum (grün, Nucleus hellbraun). Weitere erregende und 
hemmende Synapsen (Sterne) können dabei die Postsynapse beeinflussen. 
E Elektronenmikroskopische Aufnahme einer Held’schen Calyx (magenta) und des 
postsynaptischen Neurons (grün, Nucleus hellbraun). Messbalken 5 µm (Abb. D & E 
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3 Ziele der Arbeit 
 
Informationen können im zentralen Nervensystem an einigen Synapsen sehr 
hochfrequent übertragen werden. Hohe Signalraten sind dabei für die Codierung 
neuronaler Information von Bedeutung. Die Moosfaser-Körnerzell-Synapse bietet 
geeignete Bedingungen, um die Mechanismen hochfrequenter 
Signalübertragung zu untersuchen. In einer Studie wurden 2007 erstmals in vivo 
Ableitungen von cerebellären Moosfaserboutons durchgeführt (Rancz et al., 
2007), bei denen Signalraten von bis zu 700 Hz registriert wurden. Welche 
synaptischen Mechanismen bei hohen Signalraten eine Rolle spielen und wie 
schnell Synapsen maximal aktiv sein können, ist bislang unzureichend 
verstanden. Es sollte deshalb getestet werden: 
 
1. Mit welcher Frequenz Aktionspotenziale in Boutons maximal 
hervorgerufen werden können.  
2. Wie sich die Kinetik der Aktionspotenziale bei hohen Raten verändert.  
3. Inwieweit die präsynaptische Freisetzung von Neurotransmitter den 
hohen Aktionspotenzial-Frequenzen folgen kann. 
4. Welche Natrium-, Kalium- und Calciumströme den Aktionspotenzialen zu 
Grunde liegen und welche Kinetik diese Ionenströme haben. 
5. Ob eine einheitliche oder verschiedene Vesikelpopulationen für die 
Freisetzung von Botenstoffen verantwortlich sind und wie schnell diese an 
die Freisetzungsstelle der Präsynapse rekrutiert  werden.  
 
Hierfür sollten direkte Messungen von cMFBs in unserem Labor etabliert werden. 
Um die Auswirkung präsynaptischer Vorgänge direkt am postsynaptischen 
Partner zu messen, sollten zudem erstmals Paarableitungen an dieser Synapse 
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unequivocal identification of cMFBs, we determined the charac-
teristic morphological and electrophysiological properties (see
Supplemental Experimental Procedures; Figure S1; Rancz
et al., 2007). Brief current injection into cMFBs evoked an AP in
the cMFBandan excitatory postsynaptic current (EPSC) in a syn-
aptically connected GC with a synaptic delay of 457 ± 20 ms
(n = 14; Figure 1C). To directly analyze transmission in the kHz
regime, presynaptic stimulation with 20 AP-like depolarizations
(0mV, 200 ms duration) at a frequency of 1 kHzwas used to evoke
presynaptic action currents in cMFBs. These presynaptic kHz
bursts evoked EPSCs in GCs, consisting of a phasic EPSC,
which is related to direct release onto theGC, and a tonic compo-
nent, part of which is probably due to glutamate spillover from
neighboring release sites onto the recorded GC (Figure 1D; Di-
Gregorio et al., 2002). In the example shown in Figure 1D, the
average phasic steady-state amplitude of the last ten EPSCs
was 8.1 pA. When taking into account the previously reported















ulation. The half-duration of APs elicited in the same cMFB was
not significantly different between the two modes of AP genera-
tion (n = 10, p = 0.1,Wilcoxon signed-rank test; Figure 2C). These
data demonstrate that APs of cMFBs are ultrafast with a half-
duration of 100 ms.
To gain insights into the mechanisms allowing such short
AP half-duration, we analyzed which K+ channel subtypes are
responsible for AP repolarization. Focal application of the Kv3
channel gating modifier BDS-I (3 mM; Martina et al., 2007) pro-
longed AP half-duration to 202 ± 14 ms (n = 11, p < 0.001,
Mann-Whitney U test), whereas bath application of the Kv1
channel blocker a-dendrotoxin (DTX, 0.2 mM) prolonged the
half-duration to 265 ± 27 ms (n = 11, p < 0.001, Mann-Whitney
U test; Figures 2D, 2E, and S2). The impact of Kv3 channels could
be underestimated in these experiments because of incomplete
focal application of BDS-I or the fact that BDS-I only slows gating
but does not block Kv3 completely (Martina et al., 2007). How-
ever, bath application of 1 mM TEA, which blocks Kv1.1 and all
et al., 2005), did not have a
n than focal BDS-I application
igure 2E). This finding indicates
ssful and that the slowing of the
I (Martina et al., 2007) corre-
during the duration of our APs.
P, which blocks Kv1 and Kv3
alf-durations of 1 ms (n = 5,
; Figures 2D and 2E). Although
d Kv4 channels specifically, a
olarization is unlikely, because
ontribute only to repolarization
), and Kv4 channels have been
somata and dendrites (Sheng
hat primarily K+ channels of the
mediate the repolarization of
Figure 1. Kilohertz Transmission at Single
cMFB-GC Connections
(A) Schematic illustration of the cellular con-
nectivity within the cerebellar cortex. Mossy
fibers (magenta) send information to the cere-
bellar cortex. Presynaptic cerebellar mossy
fiber boutons (cMFB) transmit signals to post-
synaptic granule cells (GCs, green), which excite
Purkinje cells (PC, gray) via parallel fibers.
Axons of Purkinje cells represent the sole output
of the cerebellar cortex. Two patch-clamp pi-
pettes illustrate the paired cMFB-GC recording
configuration.
(B) Two-photon microscopic image of a paired
whole-cell patch-clamp recording between a
cMFB (magenta) and a GC (green) filled with
the fluorescence dyes Atto 594 and Atto 488,
respectively, in an acute cerebellar brain slice of a
39-day-old TgN(Thy1.2-EYFP) mouse expressing
EYFP in a subset of mossy fibers (green; maximal z-projection of a stack of images over 45 mm; z-step 3 mm). Scale bar, 10 mm.
(C) Top: Example trace of a paired cMFB-GC recording with current injection (IcMFB) evoking an AP in the cMFB (VcMFB) and an EPSC in the postsynaptic GC (IGC).
The synaptic delay is indicated. Bottom: Average synaptic delay of n = 14 paired recordings (mean ± SEM).
(D) Top: Voltage clamp of a cMFBwith 20 AP-like depolarizations (VcMFB; 200 ms to 0mV) at a frequency of 1 kHz evoked presynaptic action currents in the cMFB
(IcMFB) and EPSCs in the connected GC (four consecutive trials in green, average in black). Bottom: the first seven EPSCs on an expanded scale (cf. bracket in top
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tion in the following; Figure 2B). T
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release of about one vesicle
connection (see below for
le recruitment). This example
-GC connection can reliably
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d APs with durations at half-
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lation pipette. We systemati-
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stronger effect on AP half-duratio
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that BDS-I application was succe
Kv3 activation kinetics by BDS-
sponds to a complete Kv3 block
Finally, application of 5 mM 4-A
channels, resulted in APs with h
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we have not addressed Kv2 an
strong contribution to the AP rep
Kv2 channels activate slowly and c
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Fast Inactivating Na+ and Activating K+ Channels
Generate Ultrafast and Metabolically Efficient APs
We next applied an AP waveform (measured in cMFBs with
axonal stimulation) as voltage command to outside-out patches
from cMFBs to analyze the Na+ and K+ currents underlying the
fast cMFB APs. The pharmacologically isolated currents had
very short half-durations of 73 ± 9 ms (n = 6) and 61 ± 2 ms
(n = 5; Figures 3A and 3B) for Na+ and K+, respectively. Metabolic
efficiency was quantified as the Na+ excess ratio, defined as the
total Na+ influx (Na+ current integrated over the entire duration of
the AP) divided by the Na+ flux until the time of the AP peak (Fig-
ure 3C). The Na+ excess ratio was 1.76 ± 0.12 (n = 6), which is
efficient compared with APs of short duration at other prepara-
tions (Carter and Bean, 2009, 2011).
To analyze the mechanisms that generate ultrafast but meta-
bolically efficient APs, we studied the kinetic parameters of
Na+ and K+ currents. Step-depolarizations from 80 to 0 mV





















could explain this finding (see Discussion). Thus, our approach
of high-resolution kinetic analysis of Na+ and K+ currents in com-
bination with Hodgkin-Huxley modeling provides indirect evi-
dence for an inhomogeneous distribution of K+ channels and
indicates a high density of Na+ channels.
Stable APs during kHz Bursts
We evoked presynaptic APs by axonal stimulation at increasing
rates (250–2,000 Hz) to analyze the AP shape during high-fre-
quency firing. cMFBs were capable of firing failure-free trains
of APs at exceptionally high frequencies (Figure 4A). In the illus-
trated example, failure-free trains of APs were elicited at up to
1.6 kHz and had almost constant amplitude and half-duration
up to 1 kHz (Figures 4A and 4B), suggesting a rapid recovery
from sodium channel inactivation (Lea˜o et al., 2005). At fre-
quencies close to the maximal failure-free frequency, slight
amplitude reduction and broadening occurred, which fully
recovered within a few tens of milliseconds (Figure 4B). Interest-
frequency correlated with the
average, failure-free frequency
10; Figure 4D). At the frequency
e-free frequency (mean 800 ±
as 111 ± 2.5%, and AP ampli-
(n = 10). These data are similar
of Held (Wang and Kaczmarek,
z et al., 2007). In contrast, nerve
uencies, such as hippocampal
nounced AP broadening even
iger and Jonas, 2000). Thus,
requencies with little amplitude
nnels during cMFB APs
nisms of synaptic transmission
estigated whether the ultrafast
Ca2+ channels. With optimized
lemental Experimental Proce-
s (Borst and Sakmann, 1998)
Figure 2. Ultrafast APs in cMFBs
(A) Two-photon image of a whole-cell patch-
clamped cMFB and the adjacent axon (magenta;
Atto 594 in the pipette solution) in an acute cere-
bellar brain slice of a 48-day-old TgN(Thy1.2-
EYFP) mouse with EYFP-labeled mossy fibers
(green; maximal z-projection of a stack of images
over 20 mm; z-step 1 mm). Scale bar, 10 mm.
(B) Example of an AP recorded in a cMFB evoked
by current injection. Middle: Same example on an
expanded time scale (AP half-duration is indi-
cated). Right: Average AP half-duration elicited by
current injection (mean ± SEM; n refers to the
number of cMFBs).
(C) Left: Comparison of APs elicited by current injection (blue) and axonal stimulation with a second pipette (red) in the same cMFB as illustrated by the color code
of the inset. Example APs elicited in both ways are superimposed (arrow indicates stimulation artifact). Right: Comparison between the AP half-duration elicited
by axonal stimulation (red) and current injection (blue) in the same cMFBs (mean ± SEM; connected dots represent results from the two stimulation conditions in
the same cMFB).
(D) Examples of cMFBAPsmeasured in the presence of indicated K+ channel blockers. APswere evoked by current injection. Voltage traces are aligned to the AP
threshold.
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Efficient Opening of Ca2+ Cha
In order to understand the mecha
at these frequencies, we next inv
APs in cMFBs can reliably open
recording conditions (see Supp
dures), AP-evoked Ca2+ current
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could be resolved having an amplitude of 543 ± 62 pA and a half-
duration of 99 ± 4 ms (n = 9; Figure 5A). To determine the relative
open probability of Ca2+ channels during an AP, Ca2+ currents
were elicited by AP-like depolarizations of variable duration (Fig-
ure 5B). On average, 59% of the available Ca2+ current was re-
cruited during an AP (Figure 5C). To understand the efficient
opening during short APs, we measured the kinetics of Ca2+
currents in cMFBs and found rapid activation and deactivation
(Figures S4A and S4B). A two-gate Hodgkin-Huxley model
based on themeasured activation and deactivation kinetics (Fig-
ure S4C) reproduced the AP-evoked Ca2+ current (Figure 5A)
and predicted a relative open probability of 77% during an AP.
Thus, rapid kinetics of presynaptic Ca2+ channels can explain
the efficient opening of Ca2+ channels during short APs at
cMFBs.
Cav2.1 Ca
2+ Channels at Active Zones of cMFBs













for Cav2.1 were often found in the presynaptic active zone of
cMFBsmaking synapses onto granule cell dendrites (Figure 6C).
The density of particles was 50 times higher at the active zone
compared with extrasynaptic membrane (Figure 6D). Consis-
tently, freeze-fracture replica labeling of cerebellar granule cell
layer also showed clustered Cav2.1 Ca
2+ channels at putative
active zones of cMFBs (Figure 6E). These data indicate that
Cav2.1 Ca
2+ channels, which are clustered at active zones,
represent the majority of Ca2+ channels at cMFBs.
Measuring Vesicular Release Simultaneously from
Presynaptic Capacitance Increase and Postsynaptic
Currents
To understand how the brief Ca2+ influx can elicit synchronous
release during kHz bursts, we next analyzed fundamental pa-
rameters of release, such as the number of release-ready vesi-
cles, the speed of vesicle recruitment, and the vesicle to Ca2+
channel coupling distance.We combined two independent tech-
eters in the paired-recording
itance measurements and de-
rents (Sakaba, 2006; Sun and
998; Wo¨lfel et al., 2007). Depo-
ation (0 mV; 1–100 ms) were
al (Figure 7A). The presynaptic
itance increase due to vesicle
ynaptic current weremeasured
f postsynaptic currents led to
ase rates during the pulses
xperimental Procedures). The
mber of vesicles estimated by
r depolarizations of 1–100 ms
Figure 3. Fast Inactivating Na+ and Acti-
vating K+ Channels Generate Ultrafast and
Metabolically Efficient APs
(A) Examples of pharmacologically isolated Na+
(blue) and K+ currents (red) in two different
outside-out patches from cMFBs, elicited by a
previously recorded AP voltage command (top).
Traces are averages of 82 and 101 sweeps for Na+
and K+ currents, respectively. Inset: Schematic
illustration of the recording configuration.
(B) Superposition of peak normalized AP-evoked
currents (gray traces; n = 6 for Na+, n = 5 for K+;
n represents number of outside-out patches)
with the corresponding grand averages (Na+,
blue; K+, red). Right: Average half-duration of
AP-evoked Na+ (blue) and K+ current (red; mean ±
SEM).
(C) Average AP-evoked Na+ current. Filled gray
area indicates the excess Na+ influx following the
peak of the AP. Right: Average Na+ excess ratio
calculated as total Na+ influx divided by the Na+
influx until the time of the AP peak (mean ± SEM).
(D) Superposition of peak normalized Na+ currents
(n = 5, gray) elicited by 3 ms depolarization from
80 mV to 0 mV with the grand average (blue) and an exponential fit to the time course of inactivation (black dashed line). Right: Average time constant of
inactivation (mean ± SEM).
(E) Superposition of peak normalized K+ currents (n = 12, gray) evoked by 3 ms depolarizations from 80 mV to +40 mV with the grand average (red) and an
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(Figure 7B). Whereas capacitance measurements sample the
total release from the entire cMFB, deconvolution based on the
postsynaptic current from a GC samples only the fraction of total
release of the cMFB that is directed toward the single GC re-
corded from (see illustration in Figure 7A). Therefore, quantitative
comparison of the number of released vesicles with both tech-
niques results in an estimate of the number of postsynaptic
GCs per cMFB for each cMFB-GC pair. Assuming a single
vesicle capacitance of 70 aF, the comparison revealed on
average 100 ± 10 GCs per cMFB (Figure 7C, n = 10 cell pairs).
This is higher than previous estimates (10, Billings et al.,
2014; 50, Jakab and Ha´mori, 1988), but, e.g., a bias towards
larger terminals, ectopic vesicle release, postsynaptic rundown,
or release onto Golgi cells would lead to an overestimation of the
connectivity ratio. Thus, we established two independent tech-
niques with high temporal resolution, which allowed us to mea-








release-ready vesicles, whereas the sustained part reflects
vesicle recruitment (Sakaba and Neher, 2001b). Analysis of the
cumulative release rates (Figure 8A) revealed that the initial
release was best described by two exponential components
with time constants of 0.43 ± 0.05 and 5.6 ± 1.4 ms (consisting
of N1 = 15.2 ± 4.3 and N2 = 7.3 ± 1.4 vesicles; n = 10; Table
S1). These estimates of the number of release-ready vesicles
are slightly higher than estimates using extracellular stimulation
techniques (5–10 vesicles; Saviane and Silver, 2006; Hallermann
et al., 2010), but much smaller than estimates at the calyx of Held
(range 700–5,000; Borst and Soria van Hoeve, 2012). The sus-
tained part was well described by a line with an average slope
of 358 ± 132 vesicles , s1 (n = 10; Figure 8A; Table S1). These
data indicate two populations of release-ready vesicles and a
rapid recruitment speed of 350 vesicles , s1, which can be
sustained for up to 100 ms.
To analyze the coupling distance of vesicles to Ca2+ channels,
we substantially increased the intrabouton Ca2+ buffering by
slow Ca2+ buffer EGTA in the
ntrol value of 200 mM to 5 mM.
litude of the first component
ly changed by 5 mM EGTA
y, Mann-Whitney U test; Fig-
se vesicles are tightly coupled
ding 5 mM EGTA in the presyn-
rease of the slowly releasing
Figure 4. Stable APs during kHz Bursts
(A) Examples of APs recorded in a cMFB elicited at
the indicated frequencies by axonal stimulation
with an extracellular stimulation pipette (stimula-
tion time points are indicated as dots below
the traces; lowest scale bar applies to all three
lowest traces). An overlay of the first (solid) and
last (11th, dashed) AP is shown on the right. Note
the failure after the seventh AP at 1,666 Hz (red
asterisk).
(B) Time course of AP broadening and ampli-
tude reduction of the experiment shown in
(A) at the color-coded frequencies. The ampli-
tude and half-duration of 11 APs during the
train are plotted versus the stimulus number
(normalized to the first AP). The properties of
the APs that were elicited with increasing in-
tervals following the train stimulation (not
shown in A) are plotted versus the time after
the end of the train. Note the stable half-duration
and amplitude during bursts of up to 1 kHz
frequency.
(C) Correlation of the maximal failure-free AP fre-
quency and the AP half-duration recorded in n =
10 mossy fibers (Pearson’s correlation coefficient
R = 0.71; p = 0.02).
(D) Maximum failure-free frequency plotted versus
stimulation frequency (top). The black bar
shows the mean ± SEM (n = 10); colors indicate
individual experiments. Corresponding half-dura-
tion (middle) and amplitude (bottom) of the last
AP in the train normalized to the first AP.
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aptic pipette resulted in a dec
Neuron 84, 1–12, Octobe
21
component (N2, p < 0.01, Mann-Whitney U test; Figure 8A), sug-
gesting that these vesicles are remote from Ca2+ channels
(Wadel et al., 2007) or that they have a lower intrinsic Ca2+ affinity
(Lee et al., 2013;Wo¨lfel et al., 2007). The slope of the linear part of
the fits was not reduced with 5 mM EGTA (p = 0.11, Mann-
Whitney U test; Figure 8A), indicating that EGTA does not block
recruitment of vesicles to the release site. We further analyzed
the kinetics of release with capacitance measurements. As
with deconvolution techniques, two components of release
and a linear vesicle recruitment rate were observed. The second
release component was blocked by 5mMEGTA, but the slope of
the linear component was unaffected (Figure 8B; Table S1).
To relate these parameters to release evoked by AP trains, we
recorded EPSCs in GCs elicited by extracellular stimulation of
mossy fibers at 300 Hz (Figure 8C). We analyzed the number of
release-ready vesicles and the vesicle recruitment rate by
back-extrapolation of the cumulative EPSC amplitude (Fig-























recruitment rate of 24 s1 with prolonged depolarization using
deconvolution, 50 s1 with prolonged depolarization using
capacitance measurements, and 34 s1 with train stimulation
using back-extrapolation (Table S1). Thus, deconvolution tech-
nique, capacitance measurements, and train stimulation re-
vealed a small pool of release-ready vesicles, containing
vesicles tightly coupled to Ca2+ channels, and rapid vesicle
recruitment that can be sustained for > 100 ms.
DISCUSSION
In this study, paired recordings between cMFBs and GC allowed
us to analyze the mechanisms of high-frequency signaling at
highly divergent presynaptic boutons transmitting onto dozens
of postsynaptic partners (Jo¨rntell and Ekerot, 2006; Rancz
et al., 2007; Saviane and Silver, 2006). We identified a unique
set of presynaptic properties enabling single cMFB-GC connec-
tions to sustain kHz transmission during short bursts of APs:
Ps can occur at bursts of up
open efficiently during APs, a
ed to Ca2+ channels, and vesi-
release site. Thus, our results
enabling central synapses to
al information processing, and
e limit for the maximal firing fre-
Bs with 100 ms half-duration
d AP half-durations are at least
ecause the AP shape has been
umber of cell types, including
y signals (Borst and Sakmann,
i and Regehr, 1996). At cMFBs,
uration in rats at physiological
and in turtles at room tempera-
several-fold longer; however,
nt recording conditions may
t extracellular recordings from
00 ms half-durations of APs in
urthermore, a half-duration of
re calyx of Held at physiological
Figure 5. Efficient Opening of Ca2+ Chan-
nels during cMFB APs
(A) Left: Pharmacologically isolated Ca2+ current
(ICa, bottom) evoked by an AP voltage command
recorded in a cMFB (top) superimposed with the
prediction of a m2 Hodgkin-Huxley model calcu-
lated with the AP-voltage command. The half-
duration of the measured current is indicated.
Right: Average half-duration of the measured Ca2+
current (mean ± SEM; n represents number of
cMFBs).
(B) Pharmacologically isolated Ca2+ current
evoked by AP-like voltage commands of different
half-durations (120, 160, 240, 400, 720, 1,360 ms).
(C) Peak amplitudes of Ca2+ currents evoked by AP-like voltage commands. Data (means ± SEM, n = 10) were normalized to the maximum value of
each experiment and fit with a monoexponential function (black line). Superposition of the 95% confidence band of the fit (gray) with the average AP half-duration
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Ultrafast APs
The AP is the basal unit for neuron
its duration represents an ultimat
quency. We recorded APs in cMF
(Figure 2). All previously measure
2-fold longer. This is surprising b
studied extensively at a large n
cells that transmit high-frequenc
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previous estimates of AP half-d
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temperature (Taschenberger and von Gersdorff, 2000), although
such recordings have not been performed, and previously
measured values at the immature calyx or at room temperatures
were > 200 ms (Borst and Sakmann, 1998; Taschenberger and
von Gersdorff, 2000; Yang and Wang, 2006). In general, fast-
spiking neurons seem to have APs with short duration (Carter
and Bean, 2009). Accordingly, maximal firing frequency and AP
half-duration were correlated within the here-analyzed popula-
tion of cMFBs (Figure 4C). Similar results have been obtained
at two classes of vestibular nucleus neurons (Gittis et al.,
2010). The very short half-duration of APs in cMFBs likely repre-
sents a special adaptation to the high frequencies that these pre-
synaptic terminals operate at (Figure 4; Rancz et al., 2007).
To get an insight into the underlyingmechanisms, we analyzed
the properties of Na+ and K+ channels. Our estimated Na+ cur-
rent density was similar to the density at axons of hippocampal
interneurons (Hu and Jonas, 2014). Furthermore, Na+ channels
were rapidly inactivating, resulting in a Na+ excess ratio of
to the axon initial segment of
n et al., 2012) and slightly larger
Figure 6. Cav2.1 Ca
2+ Channels at Active Zones of cMFBs
(A) Steady-state amplitude of Ca2+ currents evoked by 3 ms depolarizations to
0mV before and during application of 0.5 mMSNX-482 and 0.5 mMu-Agatoxin
(top), 1 mM u-Conotoxin and 0.5 mM u-Agatoxin (middle), or 0.5 mM u-Aga-
toxin and 1 mM u-Conotoxin (bottom). Horizontal bars indicate time of toxin
application and dashed lines represent single exponential fits to the initial part
of Ca2+ current amplitudes to account for rundown. Inset: Example Ca2+
currents for the first shown experiment before (left trace) and after wash-in of
the toxins (middle and right traces). Scale bars, 200 pA and 2 ms.
(B) Average inhibition of Ca2+ currents by 0.5 mM u-Agatoxin, 1 mM u-Con-
otoxin, and 0.5 mM SNX-482 (mean ± SEM).
(C) Pre-embedding immunogold electron-microscopic labeling showing
localization of Cav2.1 Ca
2+ channels in the presynaptic active zones of a cMFB
from a wild-type mouse. GC, granule cell
particles. Scale bar, 100 nm.
(D) Average Cav2.1 immunogold density i
the active zones on a logarithmic scale (m
(E) Freeze-fracture replica electron micro
Ca2+ channels in cMFBs from a 3-week-o
electron micrograph showing cross-fractu
with vesicles and continuous P-face of the
ed (upper right) to show nine particles
ower right: The picture derives from a
ows point toward gold particles. Scale
Figure 7. Measuring Vesicular Release Simultaneously fromPresyn-
aptic Capacitance Increase and Postsynaptic Currents
(A) Top: Illustration of the paired cMFB-GC recording configuration. The inset
highlights the divergence of each cMFB contacting the GC recorded from
(green) as well as many other GCs’ dendrites (gray). Below: Example voltage
command for cMFB (Vm), Ca
2+ current in cMFB (ICa), EPSC in the GC (IGC),
deconvolved release rate, cumulative release rate (Nves), and the capacitance
increase in the cMFB (Cm) are plotted for a 30 ms (blue) and 100 ms (black)
cMFB depolarization.
(B) Superposition of capacitance increase (Cm) in cMFB and cumulative
release rate (Nves) estimated by deconvolution of the postsynaptic GC
EPSC for different pulse durations as indicated for the example experiment
shown in (A).
(C) Left: Comparison of the presynaptic (Cm) and postsynaptic (deconvolution)
estimates of the number of released vesicles per MF-GC connection. Each
color represents a paired cMFB-GC recording with duration of depolarizations
ranging from 1 to 100 ms. Right: Resulting average number of GC per cMFB
based on n = 10 paired recordings (mean ± SEM).
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than at hippocampal mossy fiber boutons (Alle et al., 2009). The
AP efficiency is surprising because short half-durations of APs
tend to come at a cost of metabolic inefficiency (Carter and
Bean, 2009, 2011).
The repolarization of cMFBAPswasmediated by both Kv1 and
Kv3 channels (Figure 2). This is in contrast to findings at the
Purkinje cell soma, the boutons of cerebellar interneuron axons,
or the calyx of Held, where Kv3 dominates the repolarization (Ish-
ikawa et al., 2003; Martina et al., 2007; Rowan et al., 2014; Wang
et al., 1998). However, both Kv1 and Kv3 channels cause the
repolarization of hippocampal mossy fiber boutons (Alle et al.,
2011). The speed of K+ channel activation measured here at
cMFBs was fast, but comparable to K+ channel activation ki-
netics measured previously (Alle et al., 2011; Martina et al.,
2007), indicating that the ultrafast APs at cMFBs cannot be
explained by rapid activation kinetics alone. Indeed, our
Hodgkin-Huxley modeling based on measured gating kinetics










axon comparable to the K+ channel clustering observed at juxta-
paranodal zones of the nodes of Ranvier (Rasband and Shrager,
2000). Thus, although we have no direct experimental evidence,
our results suggest a high density of inhomogeneously distrib-
uted K+ channels. Furthermore, our data indicate a high density
of rapidly gating Na+ channels underlying ultrafast but metabol-
ically efficient APs at cMFBs.
Presynaptic Ca2+ Currents
The exceptionally short duration of cMFB APs raised the ques-
tion how Ca2+ channels are recruited during APs. In principle,
reliable synaptic transmission can be obtained either by efficient
opening of few presynaptic Ca2+ channels during APs (as shown,
e.g., at the calyx of Held; Borst and Sakmann, 1998; but see also
Sheng et al., 2012) or by inefficient opening of many Ca2+ chan-
nels (as shown, e.g., at the neuromuscular junction; Luo et al.,
2011). Our analysis indicates efficient Ca2+ channel opening
despite the short duration of APs (Figure 5). This implies that
els is very fast. Indeed, experi-
ns revealed activation kinetics
This is more than 5-fold faster
al synapses at room tempera-
Li et al., 2007; Lin et al., 2011)
temperature dependence of
d Regehr, 1996). Furthermore,
f Ca2+ channels based on the
tion kinetics predicted efficient
Figure 8. Ultrafast Vesicle Recruitment and
Tight Ca2+ Channel-Vesicle Coupling
(A) Left: Example of cumulative release rates during
a 100 ms depolarization in control (black; presyn-
aptic pipette contained 200 mM EGTA) and with
increased Ca2+ buffering in the cMFB (magenta;
5 mM EGTA) superimposed with a fit consisting of
the sum of a biexponential function and a line (red)
and the sum of a monoexponential function and a
line (dashed gray). Inset: Initial cumulative release
rate on an expanded timescale. Right: Average fit
parameters of the sum of a biexponential function
and a line for control (black) and high-EGTA con-
ditions (magenta; mean ± SEM; n represents the
number of paired cMFB-GC recordings). For 5 mM
EGTA, t2 was fixed to the control value.
(B) Average capacitance increases (DCm) plotted
versus the length of the depolarizing pulse in control
condition (black; n = 21) and with 5 mM EGTA
(magenta; mean ± SEM; n = 15; n represents the
number of cMFB recordings). The right axis in-
dicates the number of vesicles based on 70 aF/
vesicle. See Table S1 for parameters of the fits.
(C) Left: Example EPSCs (gray) evoked by 300 Hz
axonal stimulation (20 stimuli; recording configura-
tion depicted by the inset) recorded in a cMFB su-
perimposed with the corresponding average before
(black) and after bath application of 100 mM EGTA-
AM (magenta). Right: Average amplitude of the first
EPSC for control and EGTA-AM (black and
magenta, respectively; mean ± SEM; n = 10).
(D) Left: Average cumulative number of released vesicles before (black) and after application of EGTA-AM (magenta). The estimated number of release-ready
vesicles by back-extrapolation is indicated. Right: Average number of release-ready vesicles (N) and slope (s) estimated from the back-extrapolation of individual
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channel opening. To gain insight into the molecular mechanism
of fast Ca2+ channel gating, we determined the contribution of
the different Ca2+ channel subtypes at cMFBs. Electrophysiolog-
ical recordings showed that Cav2.1 Ca
2+ channels contribute
70% of the total Ca2+ current in cMFBs (Figure 6B). Further-
more, pre-embedding immunogold and freeze-fracture replica
labeling indicated clustering of Cav2.1 Ca
2+ channels at the
active zone (Figures 6C and 6D). Thus, rapidly activating
Cav2.1 Ca
2+ channels ensure efficient calcium influx at the active
zone during fast cMFB APs.
Tight Vesicle to Ca2+ Channel Coupling
The first component of release was not significantly slowed by
5 mM EGTA in cMFB (Figure 8A). In contrast, at the immature
calyx of Held synapse, 5 mM EGTA prolonged the first compo-
nent of release (Sakaba and Neher, 2001a). Thus, compared
with loose vesicle to Ca2+ channel coupling at the immature



































than 10 dendrites of GCs (Billings et al., 2014; Jakab and
Ha´mori, 1988; Figure 7C). This limits the surface area that is
available for each postsynaptic partner. The limited number of
release sites must therefore rely on rapid vesicle recruitment
(Saviane and Silver, 2006). Consistently, the cMFB-GC synapse
has been described as a ‘‘device to secure a high mossy fiber to
GC divergence with minimal physical structure’’ (Eccles et al.,
1967). In contrast, large synapses with 1:1 connectivity, such
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EXPERIMENTAL PROCEDURES
Methods are described in detail i
Procedures.
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Presynaptic Recordings from cMFBs
Recordings were performed in acute sagittal cerebellar slices from mature
(>P20) TgN(Thy1-EYFP) (Hirrlinger et al., 2005) or C57BL/6 mice at 35C –
37C. To increase the success rate of presynaptic recordings from cMFBs,
two-photon guided patch-clamp recordings (Margrie et al., 2003) were per-
formed in the TgN(Thy1-EYFP)-mice with a Femto-2D two-photonmicroscope
(Femtonics, Budapest) and a 60x Olympus (NA 1.0) objective. Alternatively,
cMFBs were identified with infrared differential interference contrast (DIC)
optics using a FN-1 microscope from Nikon with a 100x objective (NA 1.1).
All current-clamp and voltage-clamp recordings from cMFBs and GCs were
performed with an EPC10/2 amplifier (HEKA Elektronik, Lambrecht/Pfalz).
Identification of cMFB Recordings
To unequivocally identify cMFBs, two alternative methods were used: (1) in
presynaptic recordings with potassium-based intracellular solutions, the
distinctive electrical properties including pronounced outward rectification
and time-dependent ‘‘sag’’ of membrane potential on hyperpolarization were
used (Rancz et al., 2007); (2) in presynaptic recordings with cesium-based
intracellular solutions (and TTX in the bath), the capacitance increase upon de-
polarization confirmed the identity of cMFBs, since other cells such as GCs did
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Um die synaptische Übertragung besser verstehen zu können, sind direkte, 
elektrophysiologische Messungen von präsynaptischen Strukturen erforderlich. 
Diese sind wegen struktureller Limitationen der meisten Präsynapsen schwer 
durchzuführen und bislang nur an wenigen Synapsen etabliert. Die vorliegende 
Studie macht sich die anatomischen Gegebenheiten des Cerebellums zu Nutze, 
das mit den cerebellären Moosfaserboutons über prominente Präsynapsen 
verfügt. Mit der direkten Messung an Moosfaserboutons und der Etablierung der 
zeitgleichen Ableitung postsynaptischer Signale (sogenannter „Paarableitungen“) 
sind neue Einblicke in die Funktionsweise einer der schnellsten Synapsen des 
zentralen Nervensystems gelungen. (Abbildung 1A, B im Manuskript; alle 
folgenden Abbildungsangaben beziehen sich auf Abbildungen des 
Publikationsmanuskripts unter Punkt 4) 
 
Kilohertz-Signale zwischen Moosfaser und Körnerzelle (Abb. 1) 
Frühere Studien haben an der Moosfaser-Körnerzell-Synapse hochfrequente 




Frequenzen war bislang jedoch nicht ausreichend erforscht. Diese spielt für die  
Informationscodierung im Nervensystem eine entscheidende Rolle. Es sollte die 
maximale Frequenz untersucht werden, bei der die Signalübertragung an dieser 
Synapse ohne Informationsverlust gelingt. In Paarableitungen wurden 
Moosfaserboutons mit Frequenzen von bis zu einem Kilohertz stimuliert und die 
dadurch hervorgerufenen postsynaptischen Ströme registriert. Kilohertz-Signale 
wurden dabei zuverlässig von der Prä- auf die Postsynapse übertragen 
(Abbildung 1D), wobei insbesondere im physiologisch relevanten Bereich von 
wenigen Stimuli stabile postsynaptische Ströme hervorgerufen wurden. Die 
Ergebnisse legen damit den Schluss nahe, dass Nervenzellen schneller als 
bislang gezeigt Informationen übertragen. 
 
Ultraschnelle Aktionspotenziale (Abb. 2 und 3) 
Aktionspotenziale limitieren die Frequenz, mit der Informationen neuronal codiert 
werden können. Damit ist die Kinetik des Aktionspotenzials entscheidender 
Parameter einer schnellen Signalübertragung. Trotz intensiver Untersuchung der 
Aktionspotenzial-Kinetik an verschiedenen Synapsen ist die in dieser Studie 
gemessene halbmaximale Aktionspotenzialdauer mit ~100 µs zweifach schneller 
als alle bisher gemessenen (Abbildung 2B, C). Außerdem war die halbmaximale 
Aktionspotenzialdauer an dieser Synapse in anderen Studien in vitro und in vivo 
mit über 600 Millisekunden bedeutend länger. Die Beobachtung schneller 
Aktionspotenziale stimmt jedoch mit der Beobachtung schnellerer 
Aktionspotenziale in hochfrequent codierenden Neuronen überein. Unsere 
Untersuchung der am Aktionspotenzial beteiligten Ionenkanäle zeigte eine 
schnelle Inaktivierung von Natrium-, sowie eine schnelle Aktivierung von 
Kaliumkanälen (Abbildung 2D, E und 3D). Die beobachtete Kanalkinetik führt zu 
einer erstaunlichen metabolischen Effizienz (Abbildung 3C).  
 
Stabile Aktionspotenziale bei Kilohertzübertragung (Abb. 4) 
Die Form von Aktionspotenzialen ändert sich in Abhängigkeit ihrer Frequenz und 
im Verlauf längerer Stimulation. Die Aktionspotenzialveränderungen bei 
hochfrequenter Stimulation waren deshalb von Interesse (dargestellt in Abbildung 
4). Einige Präsynapsen leiteten Aktionspotenziale mit Frequenzen von bis zu 1.6 




Veränderung der Aktionspotenzial-Form auftrat (Abbildung 4B). Es konnte 
außerdem einen Zusammenhang zwischen der Dauer der Aktionspotenziale und 
der von individuellen Boutons erreichten, maximalen Aktionspotenzial-Rate 
festgestellt werden. Boutons mit längeren Halbwertszeiten der Aktionspotenziale 
erreichten dabei geringere Frequenzen als solche mit schnelleren 
Aktionspotenzialen (Abbildung 4C). Im Durchschnitt und in Übereinstimmung mit 
Ergebnissen aus Paarableitungen lag die maximal erreichte Signal-Rate bei circa 
einem Kilohertz (Abbildung 4D). 
 
Kurze Aktionspotenziale öffnen effizient präsynaptische Calciumkanäle 
(Abb. 5 und 6) 
Aktionspotenziale öffnen an Präsynapsen Calciumkanäle und setzen dadurch  
Neurotransmitter frei. Dabei hängt die Größe des Calciumstroms essenziell von 
der Kinetik des Aktionspotenzials ab. Messungen mit zuvor aufgezeichneten 
Aktionspotenzialen als Kommandostimulus zeigten, dass diese Calciumströme 
mit einer Halbwertsbreite von ~100 µm hervorrufen und dabei ~60% der 
präsynaptischen Calciumkanäle rekrutieren (Abbildung 5A, C). Bei der 
Anwendung selektiver, pharmakologischer Hemmstoffe zeigte sich, dass ~70% 
des Calciumeinstroms durch Kanäle vom Cav2.1 (P/Q)-Typ vermittelt werden 
(Abbildung 6A, B). Elektronenmikroskopische Aufnahmen mit Goldpartikel-
markierten Antikörpern gegen den P/Q-Kanaltyp bestätigten deren Anreicherung 
an Freisetzungsstellen für Neurotransmitter (Abbildung 6C-E). 
 
Schnelle Transmitterfreisetzung und –nachladung (Abb. 7 und 8) 
Hohe Signalfrequenzen setzen eine schnelle Vesikelfusion und Nachladung von 
zur Freisetzung bereitstehenden Vesikeln voraus. Paarableitungen erlaubten die 
Bestimmung der Geschwindigkeit der Transmitterfreisetzung und –nachladung 
mit Hilfe von zwei Methoden (Abbildung 7): durch Vesikelfusion entstehende 
Oberflächenvergrößerungen der Präsynapse können in Form von 
Veränderungen der elektrischen Kapazität gemessen werden. Darüber hinaus 
kann die Transmitterfreisetzung aus den gleichzeitig aufgezeichneten, 
postsynaptischen Strömen rekonstruiert werden. Beide Methoden deuteten 
darauf hin, dass in der Präsynapse zwei unterschiedlich schnell fusionierende 




Calciumpuffern zeigten ein unterschiedliches Verhalten der Vesikelpopulationen: 
Schnell fusionierende Vesikel setzten Transmitter auch bei Hinzugabe von 
Calciumpuffern frei. Calcium erreicht somit unmittelbar nach Durchtritt durch 
Calciumkanäle das synaptische Vesikel, bevor Calciumpuffer wirksam werden. 
Eine enge Kopplung zwischen Calciumkanälen und synaptischen Vesikeln 
könnte dafür verantwortlich sein. Die Fusion von langsam freigesetzten Vesikeln 
hingegen wurde durch Calciumpuffer verhindert, so dass eine größere Distanz 
zur Calciumquelle ursächlich sein könnte.  
Die Nachladung freigesetzter Vesikel wurde ebenso im Rahmen von 
Paarableitungen adressiert. Sowohl die Rekonstruktion der 
Transmitterfreisetzung aus postsynaptischen Strömen (Abbildung 8A), als auch 
direkte präsynaptischen Kapazitätsmessungen (Abbildung 8B) ergaben bei 
intensiver Stimulation eine Nachladung von ~400 Vesikeln pro Sekunde und pro 
Moosfaser-Körnerzell-Synapse. Die Stimulation mit physiologischeren 
Stimulationsmustern (Abbildung 8D) ergab eine identische Nachladerate. Zudem 
schien die Nachladung der Vesikel nicht durch Veränderung der präsynaptischen 
Calciumpuffer beeinflusst zu werden. Dies gibt Hinweise auf eine 
calciumunabhängige Nachladerate (Abbildung 8 A, B und D). Um die 
Calciumabhängigkeit der Vesikelnachladung zu verstehen, werden in Zukunft 
weitere Experimente notwendig sein. 
 
Implikationen für die Signalverarbeitung im Cortex des Kleinhirns 
Diese Erkenntnisse lassen Schlüsse zur Funktion der Moosfaser-Körnerzell-
Synapse im Netzwerk der Kleinhirnrinde zu. Über Moosfasern werden 
hochfrequente Aktionspotenziale bis in den Kilohertz-Bereich an die 
Kleinhirnrinde vermittelt. Diese werden präzise und innerhalb kurzer Zeitfenster 
über schnelle Ionenkanäle, durch eine enge Kopplung von der Calciumquelle zu 
den synaptischen Vesikeln und eine schnelle Transmitterfreisetzung auf 
Körnerzellen übertragen. Dabei integrieren Körnerzellen Signale von bis zu vier 
Moosfasern. Stochastische Moosfaser-Signale hingegen, die keine Information 
tragen, werden durch eine tonische Hemmung von Körnerzellen abgeschwächt. 
Dadurch erfüllen Körnerzellen eine Filterfunktion und diskriminieren 
Informationen von synaptischem Rauschen. Die engen anatomischen 




Moosfaserboutons machen die Ausbildung von Präsynapsen mit vielen 
synaptischen Kontakten pro Postsynapse unmöglich. Trotzdem vermitteln 
Moosfaserboutons über wenige synaptische Kontakte zuverlässig Signale an 
Körnerzellen. Hierfür sind unter anderem eine schnelle Freisetzung von wenigen 
synaptischen Vesikeln pro Kontakt und deren schnelle Nachladung 
verantwortlich. Die Moosfaser-Körnerzell-Synapse wird damit zur 
kleinstmöglichen physischen Struktur maximaler Moosfaser-Körnerzell-Divergenz 

























6.1 Supplemental Material 






Figure S1 (related to Figure 1). Passive properties of cMFBs 
(A) Example trace of passive current transients elicited by +10 mV 
depolarization from −80 mV holding potential with a filter cut-off frequency 
(fc) of 100 kHz (average of 100 consecutive traces) superimposed with a 
biexponential function (time constants are indicated).  
(B) Average sum-of-squared differences (c2) between data and fitting 
function. Exponential functions with one, two or three components and a 






Figure S2 (related to Figure 2). K+ channel subtypes differentially affect 
cMFBs firing 
(A) Voltage responses of cMFBs elicited by tonic current injection (duration, 
300 ms) in current-clamp mode. cMFBs fired a single AP upon 
depolarizing current injection, showed outward rectification, and a time-
dependent ‘sag’ upon hyperpolarizing current injection (Rancz et al., 
2007). 
(B) Specific blockage of Kv3 channels by focal application of 3 µM BDS-I 
resulted in broadening of the AP (cf. Figure 2D) with otherwise unaltered 
voltage response. 
(C) Application of 1 mM TEA had similar effects as focal application of BDS-
I. 
(D) Blocking Kv1 channels specifically by 0.2 mM DTX resulted in broadening 
of the AP and in repetitive firing upon depolarizing current injection. 
(E) Application of 5 mM 4-AP had similar effects as DTX. 
(F) A combination of 5 mM 4-AP and 20 mM TEA drastically impaired AP 
repolarization, which was only detectable after the end of tonic current 







Figure S3 (related to Figure 3). Density estimates from outside-out patches 
and Hodgkin-Huxley-modeling indicate high density of clustered K+ 
channels 
(A) Sylgard ball with slightly immerged pipette. 
(B) Difference current before and after pressing the pipette tip with the 
outside-out patch into the Sylgard ball (average of 100 traces each). Grey 
area indicates integral under the current trace. Currents were evoked by a 
test pulse to −70 mV from a holding potential of −120 mV. 
(C) AP-evoked and step-evoked currents superimposed with predictions of 
Hodgkin-Huxley models. 
(D) Peak current amplitudes measured in outside-out patches (left) and 
predicted by the model (right; normalized to the peak amplitude with the 
step from a holding of −80 mV; average 108 ± 41 pA (n = 7) for Na+, and 




for Na+- and K+-channels, respectively.  
(E) Top: APs predicted by the model with the indicated parameters. Bottom: 
Predicted AP half-duration as a function of 𝑔! in the model. 
(F) Required 𝑔! in protuberances to generate an AP half-duration of 107 µs 









Figure S4 (related to Figure 5). Rapid activation and deactivation of Ca2+ 
channels in cMFBs 
(A) Top: Example traces of Ca2+ currents evoked by voltage steps from −80 
mV to +60 mV. Traces of six voltage steps (from −20 mV to +30 mV) are 
shown. Below: Magnification of the onset of Ca2+ currents (blue lines 
above). Ca2+ channel activation kinetics was fit with a squared 
exponential function (black superimposed lines). The activation time 
constants are indicated. 
(B) Top: Example traces of Ca2+ currents evoked by a voltage step to 0 mV 
followed by test potentials (from −30 mV to −80 mV). Below: 
Magnification of the deactivating Ca2+ currents (red lines above). Ca2+ 
deactivation kinetics was fit with a mono-exponential function (black 
superimposed lines). The deactivation time constants are indicated. 
(C) Top: Activation (blue) and deactivation (red) time constants (n = 14) 
superimposed with the predictions of a two-gate Hodgkin-Huxley model. 
Middle: Rate constants for opening (alpha) and closing (beta; n = 14; see 
methods) superimposed with the predictions of a two-gate Hodgkin-
Huxley model. Below: Tail current integral of the activation traces (n = 14). 
Data were normalized to the maximum integral and superimposed with 




Table S1. Parameters of release at cMFBs (related to Figure 8) 
(a)  For deconvolution experiments (Figure 8A), the cumulative release was fit 
with the sum of bi-exponential functions and a line. For 5 mM EGTA, t2 was 
constrained to the value obtained in control experiments.  
(b)  For capacitance measurements (Figure 8B), the data were fit with a bi-
exponential function and a line for control, and with a mono-exponential 
function and a line for 5 mM EGTA. The first time constant was constrained to 
the values obtained with deconvolution experiments, because the shortest 
duration in the capacitance experiments was 1 ms. The number of vesicles 
was calculated assuming 70 aF/vesicle (Hallermann et al., 2003) and 100 GC 
contacts per cMFB (cf. Figure 7C). Compared with estimates from 
deconvolution analysis, the values are very similar, except for the proportion 
of fast and slowly releasing vesicles within the pool of release-ready vesicles, 
which can be explained by the limited temporal resolution of capacitance 
measurements that is determined by the duration of the depolarizations in 
these experiments. 
(c) For back-extrapolation from train experiments (Figure 8C and D), the 
amplitude and the slope of the linear back-extrapolation are given before and 
after application of EGTA-AM.  
(d) The recruitment rate was calculated by division of s by N1. 
(e) The quantal content (NAP) was estimated from back-extrapolation experiments 
by division of evoked and miniature EPSC amplitudes. To estimate NAP from 
deconvolution experiments, the release during the first 200 µs from the 
corresponding component of each cell was considered, based on the half-
duration of the AP-evoked Ca2+ current of ~100 µs (cf. Figure 6) and a delay 
of the Ca2+ current of ~100 µs during step depolarizations (cf. Figure S4; i.e. 𝑁!" = 𝜏!𝑁! 1 − Exp − 200µμ𝑠 𝜏! ). Note, 5 mM EGTA had no significant 




amplitude by 37% and the number of release-ready vesicles estimated by 
back-extrapolation by 25% (p < 0.01, Wilcoxon signed-rank test; Figure 8D). 
However, this apparent discrepancy could be explained by an EGTA 
concentration higher than 5 mM in the EGTA-AM experiments. Also, in 
deconvolution experiments, 5 mM EGTA had a tendency to reduce N1 and to 
increase t1. Although these changes were not significant, it would predict a 
reduction in NAP by 29%. 




SUPPLEMENTAL EXPERIMENTAL PROCEDURES  
 
Passive properties of cMFBs 
Passive properties of cMFBs (Figure S1) were analyzed as previously described 
(Hallermann et al., 2003). Current transients were evoked by square pulses with 
amplitudes of ±10 mV from a holding potential of −80 mV at a filter cut-off 
frequency of 100 kHz (three-pole Bessel). Responses to positive and negative 
pulses were averaged separately (n = 100 traces) and plotted against each other 
for corresponding time points. Experiments with signs of nonlinearity (slope <0.98 
or >1.02) or with access resistance >40 MW were discarded (22 of 47 boutons). 
Two exponential fits approximated the current transients considerably better than 
fits with a single exponential function. However, in contrast to hippocampal 
mossy fiber boutons (Hallermann et al., 2003), three exponential fits were on 
average only marginally better than two exponential fits (Figure S1). Therefore, a 
two-compartment model was used (Hallermann et al., 2003). The capacitance 
and the resistance of the cMFB were 4.0 ± 0.3 pF and 1.3 ± 0.1 GW, 
respectively. The capacitance and the resistance of the second compartment 
(most like representing the adjacent axon) were 5.4 ± 0.9 pF and 1.4 ± 0.2 GW, 
respectively. Both compartments were connected by a resistance of 250 ± 35 
MW (n = 25). Including all experiments in the analysis yielded similar results: The 
capacitance of the first and the second compartment were 3.7 ± 0.2 pF and 5.1 ± 
0.6 pF, respectively, and resistance between both compartments was 220 ± 21 
MW (n = 47). 
 
Analysis of paired recordings between cMFBs and GC 
The synaptic delay (Figure 1C) was determined as the time interval between the 
maximum of the first derivative of the presynaptic AP and the onset of the EPSC; 
the onset was determined from the intersection of the preceding baseline with a 
line through the 20% and 80% points of the EPSC rising phase (Geiger and 
Jonas, 2000). Phasic EPSC size during kHz transmission (Figure 1D) was 
measured similarly as described in Hallermann et al. (2010). The peak EPSC 
amplitude within a window from 0.2 ms to 1 ms was measured relative to a 
baseline window from −0.4 ms to −0.2 ms (here t = 0 is the beginning of each 




APs in cMFBs 
Amplitudes of APs were measured from threshold (dV/dt >50 V/s) to peak (Kole 
and Stuart, 2008). The duration of APs was measured at half-maximal amplitude 
and referred to as half-duration. For axonal stimulation of cMFBs (Figure 2 and 
4), the Atto 594 filled axon was approached with a second pipette (~8 MΩ) filled 
with extracellular solution (stimulation 100 µs, 0.5–10 V). To minimize the 
stimulation artifact (cf. arrow Figure 2C), the location of stimulation and of the 
recorded cMFB were separated by more than ~100 µm. Recordings were 
performed with the EPC10 patch clamp amplifier containing a voltage follower 
circuit for current clamp recordings (Magistretti et al., 1996). Bridge 
compensation was not used. The pipette capacitance was compensated in the 
cell-attached configuration and was minimized for all recordings by filling the 
pipettes with as little intracellular solution as possible (1–2 mm), and by greasing 
the silver wires with silicon paste. The access resistance to cMFBs and AP half-
duration of cMFBs did not correlate (Pearson’s correlation coefficient R = −0.03; 
p = 0.80). 
 
The contribution of distinct K+ channel subtypes to AP half-duration was tested by 
application of K+ channel blockers (Figure 2D and E). APs were elicited in current 
clamp mode by tonic current injection in the presence of one of the following 
combinations of K+ channel blockers in the extracellular solution: DTX (0.2 mM), 
TEA (1 mM), 4-AP (5 mM), or 4-AP (5mM) + TEA (20 mM). In addition, BDS-I 
was focally applied using a second pipette (final BDS-I concentration 3 µM in 
HEPES-buffered ACSF; Alle et al., 2011; Martina et al., 2007).  
 
Na+ and K+ currents in cMFBs 
For outside-out patches obtained from cMFBs (Figure 3) open tip pipette 
resistances ranged from 5–7 MΩ. The internal two-pole Bessel filter for stimulus 
voltage was set to 20 µs. The resulting voltage commands were sampled from 
the EPC10 amplifier and shown in Figure 3 and S3 as voltage commands. 
Currents were low-pass filtered using the 30 kHz internal 3-pole Bessel filter of 
the EPC10 amplifier and a digital 45 kHz low-pass filter implemented with the 
finite impulse response filter tool in IGOR Pro, resulting in a −3 dB low-pass cut-




were left shifted by 20 µs to account for the delay by the 30 kHz Bessel filter of 
the current monitor. Na+ and K+ currents were corrected for leak and capacitive 
currents using the P/4-method and represent averages of 20–100 P/4-corrected 
repetitions. In some of the experiments, small capacitive artifacts remained 
despite P/4 correction, which decayed to zero before the onset of the Na+ or K+ 
currents (within <25 µs), and were removed by interpolation. 
 
Na+ and K+ currents were elicited by an AP waveform voltage-clamp command 
(Figure 3A-C; Borst and Sakmann, 1998) that was recorded in current-clamp 
mode with axonal stimulation in a different set of experiments (half-duration 118 
µs, amplitude 117 mV; cf. Figure 2C). In addition, currents were evoked by 3-ms 
depolarizations from −80 mV to 0 mV or 40 mV for Na+ and K+, respectively. In a 
subset of recordings, maximum Na+ currents were also elicited following a 9-ms 
prepulse to −120 mV to recover channels from steady-state inactivation. Kinetic 
analysis was restricted to experiments with optimal signal-to-noise ratio (APs: n = 
6 and 5, for Na+ and K+; 3-ms: n = 5 and 12, for Na+ and K+, respectively; cf. 
Figure 3). To estimate the recruitment during an AP, the AP-evoked peak current 
amplitude was normalized to the 3-ms step-evoked peak amplitude (n = 7 and 
14, for Na+ and K+, respectively; Figure S3D).  
 
Patch-area measurements 
Surface area of outside-out patches was determined in a separate set of 19 
recordings from GCs. Pipettes had resistances similar to those used for 
presynaptic current measurements (6–7 MΩ). Outside-out patches were 
hyperpolarized to −120 mV and subsequently depolarized to −70 mV for 5 ms. 
Resulting capacitive transients were measured before and after insertion of the 
pipette tip ~10 mm into a ball of Sylgard®184 (Sigma Aldrich; Figure S3A). In 
these experiments, pipettes were also coated with Sylgard. Patch size was 
calculated from integrals under the difference current traces before and after 
pushing the patch pipette into the Sylgard. Based on a specific membrane 
capacitance of 1 fF⋅mm−2, the average area was 13.9 ± 4.3 µm2 (n = 19; Figure 






Hodgkin-Huxley modeling of cMFB APs 
Previously established Hodgkin-Huxley models of axonal Na+ and K+ channels 
(Hallermann et al., 2012) were manually adjusted to reproduce AP- and step-
evoked currents (Figure S3C). All rates of the Na+ channel model, which was 
originally established for room temperature (Schmidt-Hieber and Bischofberger, 
2010), were increased by using a Q10 temperature coefficient of 4. To reproduce 
our K+ currents, all rates of the K+ channel model (with 4 activation gates), which 
was established at 33°C (Hallermann et al., 2012), had to be increased by a 
factor of 2.3.  
 
The channel models were implemented in the NEURON simulation environment 
(v7.3) (Carnevale and Hines, 2005) with NEURON extension NMODL, and the 
currents were calculated in a single compartment that was voltage clamped with 
an action potential or step waveform, which was sampled after the 20-µs stimulus 
output filter (cf. voltage command in Figure 3). To model the AP, currents were 
incorporated in a single compartment model. 𝑔!" was set to 722 pS⋅µm−2, based 
on 276 pA peak current amplitude with steps from −120 to 0 mV (Figure S3D), a 
driving force of 55 mV (+55 mV reversal potential), and a patch area of 13.9 µm2 
(Figure S3B). Furthermore, a factor of 2 was used to account for the reduced 
peak amplitude due to Na+ inactivation (Schmidt-Hieber and Bischofberger, 
2010). 𝑔! was correspondingly calculated to be 82 pS⋅µm−2, based on 175 pA 
peak current amplitude with steps from −120 to +40 mV (Figure S3D), a driving 
force of 140 mV (−100 mV reversal potential), and a patch area of 13.9 µm2. In 
addition, a leak conductance (1.9 pS⋅µm−2, reversal 0 mV) was added based on 
1.3 GW and 4 pF of the first compartment of the passive model of the cMFB (cf. 
Figure S1). 
 
With these values the model predicted a too long AP half-duration of 265 µs 
(Figure S3E). To obtain the measured half-duration of 107 µs, 𝑔!  had to be 
increased to 1050 pS⋅µm−2. We obtained similar results with several other 
published models of K+ channels, which were adjusted to reproduce our gating 
kinetics (Figure S3C), indicating that the exact voltage dependence of the K+ 
channel model has minor impact on this result. Furthermore, variations in 𝑔!" or 




Interestingly, one in 15 outside-out patches, in which K+ currents were recorded, 
had 20-fold higher current amplitude but normal kinetics with both the AP- and 3-
ms-voltage command. It was excluded from the analysis because the amplitudes 
differed from the mean by 25-fold the standard deviation, but it may represent a 
recording from a K+-channel-rich membrane area. Finally, we varied the 
proportion of the area of the protuberances and calculated the required K+ 
current density of the protuberances (Figure S3F). With an area of 10%, a 𝑔! of 
10,000 pS⋅µm−2 is predicted for the protuberances.  
 
Ca2+ currents  
Presynaptic Ca2+ currents were pharmacologically isolated during cMFB whole 
cell patch-clamp recordings (see Methods, section solutions). For a maximal 
resolution of fast current kinetics, patch pipettes with least practicable pipette 
resistances (Rpip = 3–4 MW) were used. In these experiments, our time constant 
of the voltage clamp was in the range of 40 µs (assuming 10 MW access 
resistance and 4 pF cMFB capacitance; cf. Figure S1), which was similar to our 
filter characteristics (10 kHz resulting in a 10–90% rise time of 33 µs; Colquhoun 
and Sigworth, 1995). The activation kinetics of Ca2+ currents in cMFBs evoked at 
0 mV was 90 ± 18 µs (n = 13; Figure S4C), significantly above the temporal 
resolution of the experimental conditions (40 µs). However, at more depolarized 
potentials the recorded kinetics might be limited by resolution and therefore 
activation might be even faster. Ca2+ currents were elicited by an AP waveform 
voltage-clamp command (see above), by square pulses of 3 ms duration (Figure 
S4), and by mock APs (Figure 5B; Wheeler et al., 1996). Mock APs were 
composed of a ramp (100 µs, from −80 to +40 mV) followed by a plateau of 
increasing durations (+40 mV; 40, 80, 160, 320, 640, 1280 µs) and a 60-µs-ramp 
to the holding potential of −80 mV. Ca2+ currents were corrected for leak and 
capacitive currents using the P/4-method. 
 
To construct a two-gate Hodgkin-Huxley model for the Ca2+ channels in cMFBs 
(m2; Hodgkin and Huxley, 1952; Figure S4C), we essentially followed a 
previously described approach (Lin et al., 2011). Activation of Ca2+ current was 
measured during steps from −80 mV to potentials between −20 and +30 mV. 




state activation (𝑚!)  after normalization to the peak value and taking the square 
root. The time course of current activation (0–1.5 ms after pulse onset) was fit 
with a squared exponential function with delayed onset and a time constant tm: 𝐼 𝑡 = 𝐼! 1 − exp  (−(𝑡 − 𝑡!)/𝜏! )! 
Deactivation of Ca2+ current was measured during steps from 0 mV to voltages 
between −30 and −80 mV, which were fit with single exponentials. The obtained 
time constants from exponential fits to the tail currents (te) were then used to 
approximate the time constants of relaxation of the gate (tm) after a voltage step 
using the following expression (Hagiwara and Ohmori, 1982): 𝜏! = 𝜏! ∗ 2𝑚!/(𝑚! +𝑚!) 
where 𝑚!  and  𝑚!  represent the values of the steady state activation curve of 
each cMFB at −80mV and at the potential of the deactivation step, respectively. 
The rate constants were calculated as 𝛼! = 𝑚!/𝜏!  , and 𝛽! = (1 −𝑚!)/𝜏! . 
Rate constants am and bm of the Hodgkin-Huxley model were defined as: 𝛼! = 𝛼! ∗ exp 𝑉! 𝑉!  𝛽! = 𝛽! ∗ exp −𝑉! 𝑉!  
Finally, the free parameters of the model were determined by minimizing the 
deviation of the model from the data with the FindMinimum routine of 
Mathematica 9.0. The deviation of the model from the experiments was 
measured as the sum of squared differences for the time constants of activation 
and inactivation (in ms), the rates am and bm (in ms−1; weighted by 10−1) and the 
steady-state activation (cf. Figure S4C). The resulting best-fit parameters were 𝛼! = 6.52 ms−1, 𝑉! = 20.8 mV, 𝛽! = 0.288 ms−1, and 𝑉! = 20.4 mV. The results 
were independent of the starting values in a plausible range. 
 
To calculate the Ca2+ current based on the AP voltage command (Figure 5A), the 
differential equation  𝑑𝑚𝑑𝑡 = 𝛼! 1 −𝑚 − 𝛽!  𝑚 
was solved numerically with the NDSolve function of Mathematica and a three-
order polynomial interpolation of the AP-voltage command was used as Vm(t). 
Finally, the Ca2+ current was calculated as 𝐼 𝑡 = 𝑚(𝑡)! 𝑉(𝑡) − 𝑉!"# , where Vrev 





Ca2+ channel subtypes  
To determine the contribution of different voltage-gated Ca2+ channel subtypes in 
cMFBs (Figure 6A and B), Cav2.1, Cav2.2, and Cav2.3 Ca2+ channels were 
specifically blocked in whole-cell patch-clamped cMFBs by bath application of w-
Agatoxin IVa (0.5 µM, from Bachem, Bubendorf, Switzerland), w-Conotoxin GVIa 
(1 µM, from Bachem, Bubendorf, Switzerland), or SNX-482 (0.5 µM, from 
Peptides International, Louisville, USA), respectively. Holding potential was −80 
mV during recordings. Ca2+ currents were evoked by 3-ms depolarizing pulses to 
0 mV, applied at a frequency of 0.1 Hz. Ca2+ current amplitude was measured 
during steady-state. Following a control period of ~200 s, a subtype specific toxin 
was applied to the bath solution. After the decrease in Ca2+ current amplitude had 
reached a plateau level, a second blocker was applied. The order of toxins was 
varied between recordings. In some recordings only a single toxin was used. To 
account for rundown of Ca2+ currents, the initial reduction of Ca2+ current 
amplitude was fit with an exponential function (Figure 6A). On average, the 
steady-state value of this function was 64 ± 4% (n = 17) of the initial amplitude, 
including experiments without any toxin application, indicating rundown of 36% 
during these Ca2+ current recordings. In addition, after each toxin application the 
Ca2+ current amplitude was fit with an exponential function. The inhibition by w-
Agatoxin, w-Conotoxin, and SNX was quantified as difference between the 
steady-state values of the corresponding exponential functions normalized to the 
steady-state values without toxin application. 
 
Immunoelectron microscopy 
Preembedding immunogold labeling (Figure 6C) was performed as described 
(Kaufmann et al., 2013). Briefly, adult C57Bl/6 mice were anesthetized with 
sodium pentobarbital (50 mg/kg, i.p.) and perfused transcardially with a fixative 
containing 4% formaldehyde, 0.05% glutaraldehyde and 15% of a saturated 
picric acid in 0.1 M phosphate buffer (PB, pH 7.4). Parasagittal sections were cut 
at 50 mm, cryoprotected with 20% sucrose, flash frozen on liquid nitrogen and 
rapidly thawed. Sections were then incubated in 10% normal goat serum (NGS) 
and 2% bovine serum albumin (BSA) in Tris-buffered saline (TBS) for 2 h at room 
temperature, incubated in TBS containing 2% BSA and guinea pig anti-Cav2.1 




nanogold-conjugated secondary antibody (Nanoprobes, 1:100) for 24 h at 4°C. 
Nanogold particles were amplified with HQ Silver Enhancement kit (Nanoprobes) 
for 10 min. Sections were then treated in 2% osmium tetroxide in PB for 40 min, 
1% uranyl acetate in 50% ethanol for 30 min at room temperature, dehydrated, 
and flat embedded in Drucupan resin (Sigma-Aldrich). Ultrathin sections were cut 
at 70 nm and observed by a transmission electron microscope (Tecnai 12, FEI, 
Oregon). 
 
For the quantitative analysis of synaptic and extrasynaptic immunogold particle 
labeling (Figure 6D), 18 images of mossy fiber terminals covering 3.8 x 3.8 µm 
area each at a magnification of 26,500 were recorded using VELETA CCD 
camera (Olympus) and analyzed with iTEM software (Olympus Soft Imaging 
Solutions GmbH, Münster). Synapses were defined as areas with presynaptic 
vesicle accumulation, postsynaptic density, rigid alignment of pre- and 
postsynaptic membranes and electron-dense materials in the cleft. Total length of 
9.29 µm and 251.08 µm were analyzed for synaptic (n=53 synapses) and 
extrasynaptic membrane, respectively. Immunogold particles within 30 nm from 
the edge of presynaptic membranes were included in the analysis based on the 
possible distance of the immunogold particle from the epitope (Matsubara et al., 
1996). 
 
Freeze-fracture replica labeling (SDS-FRL; Figure 6E) was performed as 
described previously (Indriati et al., 2013). The mice were perfused with 2% 
paraformaldehyde (PFA) with 15% saturated picric acid solution in 0.1 M PB. 
Parasagittal slices (130 µm thick) were cut using a vibrating microslicer (Linear-
Pro7, Dosaka, Kyoto) and middle lobules of cerebellar slices were trimmed, 
immersed in graded glycerol of 10–30% in 0.1 M PB at 4°C overnight, and then 
rapidly frozen by a high pressure freezing machine (HPM010, BAL-TEC, Balzers). 
Frozen samples were fractured into two parts at −140°C and replicated by 
deposition of carbon (2 nm thick), platinum/carbon (uni-direction from 60°, 2 nm) 
and carbon (15 nm) in a freeze-fracture replica device (JFD II, JEOL, Tokyo). 
Tissue debris was dissolved in a solution containing 15 mM Tris-HCl (pH 8.3), 
20% sucrose, and 2.5% SDS with gentle shaking at 80°C for 18 h. The replicas 




and blocked with 5% BSA in the washing buffer for 1h at room temperature. The 
replicas were then incubated with the Cav2.1 antibody (8.1 µg/ml) overnight at 
15°C followed by incubation with 5 nm gold conjugated anti-guinea pig secondary 
antibodies (British Biocell International (BBI), Cardiff) overnight at 15°C. The 
specificity the Cav2.1 immunolabeling was confirmed by testing cerebellar tissues 
from Cav2.1 KO mice (Indriati et al., 2013).  
 
Capacitance recordings  
Capacitance measurements (Figure 7 and 8) were performed with sine-wave 
stimulation (1 kHz, amplitude ±50 mV, holding potential −100 mV) essentially as 
described previously (Hallermann et al., 2003). In between sine-wave stimulation, 
the presynaptic terminal was depolarized from −80 mV to 0 mV for 1–100 ms. 
The capacitance increase was determined as the difference between the mean 
capacitance 50–100 ms after the depolarizing pulse and the average baseline 
during 50 ms before onset of the depolarizing pulse.  
 
Deconvolution  
Deconvolution of postsynaptic currents (Figure 7 and 8) was performed 
essentially as described by Neher and Sakaba (2001). This method is based on 
the assumption that the postsynaptic current is a sum of current induced by 
synchronous release and residual current caused by residual glutamate in the 
synaptic cleft, part of which might result from glutamate spillover onto 
neighboring active zones. The amplitude of the miniature EPSC (mEPSC) was 
set to the mean value measured in 1 mM kynurenic acid and 100 µM 
cyclothiazide (14.2 ± 0.9 pA; n = 21). To determine the free parameters of the 
model, i.e. the mEPSC risetime t0, the fractional amplitude of the slow mEPSC 
decay phase a, the time constant of the slow component of decay t2, the residual 
current weighting factor b, the diffusion exponent nD, and the mean diffusional 
distance rD, a voltage command protocol similar to the “fitting protocol” described 
by Neher and Sakaba (2001) was used: after establishing a paired configuration, 
the presynaptic terminal was depolarized to 0 mV consecutively for 1, 3, 10, 30 
and 100 ms and the resulting EPSCs were measured in the postsynaptic cell. 
Deconvolution was first performed with a set of trial parameters for each cell pair. 




low (but non-negative) release rates after the pulses. For longer pulses (30 and 
100 ms), the release rate sometimes remained elevated for a few milliseconds 
after the depolarization, probably due to an increase in intracellular Ca2+. These 
experiments were not excluded from the analysis if the same phenomenon also 
occurred in the simultaneously measured capacitance trace. First, the short 
pulses (1 and 3 ms) were used to optimize the parameters of the mEPSC, t0, a 
and t2, because there is little residual glutamate build-up during these stimuli. 
Afterwards, the parameters of the glutamate diffusion model were optimized by 
fitting the EPSCs of the longer pulses. The resulting cumulative release rates 
were overlaid with simultaneously measured presynaptic capacitance to further 
validate the quality of the deconvolution results. In order to correlate the two 
release estimates, the presynaptic capacitance increase measured in the whole 
terminal was scaled by a variable factor representing the number of GCs 
connected by one MFB. The total number of vesicles released during each of 
these pulses was plotted against the capacitance increase measured in the 
presynaptic terminal during the pulse and the result could be fit well with a line. 
The number of MF-GC connections per bouton was determined from the slope of 
this line, assuming a capacitance of 70 aF/vesicle (Hallermann et al., 2003). 
Glutamate spillover might compromise the validity of this estimate, because 
EPSCs could be influenced by spillover, while capacitance recordings are 
presynaptic and therefore unaffected by spillover. However, spillover is likely to 
contribute to the residual current, which was subtracted from the EPSC in the 
deconvolution procedure. The release rates estimated from deconvolution of 
postsynaptic currents should therefore also be independent of glutamate 
spillover. 
 
After finding a set of parameters that could well describe the experimental data at 
an individual connection, we varied the deconvolution parameters by ± 20% to 
test the robustness of our results. This usually affected the results of the fits to 
the cumulative release rate by less than 10%. In those cases where the effect 
was >20%, there were obvious shortcomings in the deconvolution (e.g., negative 
release rates), which could not be compensated by changing either of the 




the same parameters were used for deconvolution of other traces of the same 
pair. 
 
Kinetics of vesicle release 
To determine the kinetics of vesicle release (Figure 8), the cumulative release 
rates of the 30-ms and 100-ms pulses calculated by deconvolution were first fit 
with an exponential function and a line according to a model of one vesicle pool 
with homogeneous release probability and linear vesicle recruitment. However, 
this fit poorly represented the data in the control experiments during the initial 
release phase. Therefore, we fit the cumulative release with the sum of two 
exponential functions and a line according to a two-pool model with different 
release probabilities and linear vesicle recruitment. These fits represented the 
initial release phase in the controls considerably better (Figure 8A). Since in 
experiments with 5 mM EGTA, the initial release appeared mono-exponential, we 
constrained t2 in these experiments to the value obtained in control (5.2 ms). 
Correspondingly, the average capacitance increase plotted versus duration of 
depolarization was fit with the sum of two exponential functions and a line for 
control and the sum of one exponential function and a line for 5 mM EGTA, 
weighted with the inverse of the standard deviation.  
 
EPSC recordings during train stimulation (Figure 8D and C) were performed as 
previously described (Hallermann et al., 2010). 300 Hz trains (20 stimuli) were 
applied every 30 s. After 10 min, either EGTA-AM (100 µM, dissolved in DMSO, 
final DMSO concentration 0.1%) or DMSO alone (for control experiments) was 
added to the bath perfusion. For evaluation, currents preceding the bath 
application were averaged and compared to those following application. For 
DMSO, no effects on first EPSC amplitude or on the time course of depression 
during the train were observed (data not shown). The number of release-ready 
vesicles was estimated by back-extrapolation of the cumulated EPSC amplitude 
essentially as previously described (Schneggenburger et al., 1999): A line was fit 
to the last 7 of the 20 pulses of the cumulative EPSC amplitude during the 300 
Hz train. Extrapolation of this line to t = 0 and division by the average mEPSC 
amplitude yielded an estimate for the initial number of release-ready vesicles 




vesicle recruitment rate during the train. The mEPSC amplitude was determined 
in these experiments to 21.5 ± 2.0 pA (n = 10) from spontaneous EPSCs with a 
template matching algorithm implemented in Neuromatic software 
(www.neuromatic.thinkrandom.com). The number of release-ready vesicles and 
the slope were corrected for a reduction of the mEPSC amplitude to 69% during 
a 300 Hz train (Hallermann et al., 2010). 
 
Solutions 
The extracellular solution contained (in mM): NaCl 125, KCl 2.5, NaH2PO4 1.25, 
NaHCO3 25, glucose 20, CaCl2 2, MgCl2 1. The intracellular solution used for 
recordings of presynaptic APs, action currents, passive transients, Na+ and K+ 
currents, or postsynaptic EPSCs contained (in mM): K-gluconate 150, Mg-ATP 3, 
Na-GTP 0.3, K-Hepes 10, NaCl 10, EGTA 0.05 or 0.2. For the EPSC recordings 
shown in Figure 1 and 8C and D, 10 µM APV was added to the extracellular 
solution. To isolate K+ currents (Figure 3), TTX (1 µM) and CdCl2 (100 µM) were 
added to the extracellular solution. Na+ currents (Figure 3) were isolated by using 
the following extracellular solution (in mM): NaCl 105, KCl 2.5, NaH2PO4 1.25, 
NaHCO3 25, glucose 25, CaCl2 2, MgCl2 1, 4-AP 5, TEA 20, XE991 0.01, ZD-
7285 0.02, and CdCl2 0.1. To isolate presynaptic Ca2+ currents, to perform 
capacitance measurements, and to perform deconvolution experiments (Figures 
5–7, 8A and B, and S4), the extracellular solution contained (in mM): NaCl 105, 
KCl 2.5, NaH2PO4 1.25, NaHCO3 25, glucose 25, CaCl2 2, MgCl2 1, TTX 0.001, 
4-AP 5 and TEA 20; and the intracellular presynaptic patch pipette contained (in 
mM): CsCl 135, TEA-Cl 20, MgATP 4, NaGTP 0.3, Na2Phosphocreatine 5, 
Hepes 10, EGTA 0.2 or 5. For deconvolution of postsynaptic currents (Figure 7 
und 8A), 100 µM Cyclothiazide and 1 mM kynurenic acid were added to the 
extracellular solution to prevent postsynaptic AMPA receptor desensitization and 
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